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ABSTRACT

Ultrafiltration (UF) is considered as a promising alternative to the traditional clarification techniques in the sugar

industries. In this work, a hollow fiber UP membrane (polyacrylonitrile, MWCO 100 kDa) was used for clarification

of cassava starch hydrolysate. The influence of various operating parameters, such as transmembrane pressure

(TMP), cross flow velocity and pH hydrolysate on the membrane fouling was assessed, The results showed that

TMP higher than 1.0 bar was not effective to improve flux, Increasing cross flow velocity was virtually effective to

reduce permeate flux decline, The steady state flux, Jss increased significantly when pH of the feed was adjusted to

alkaline condition; however, this resulted in dark brown clarified glucose syrup, Operating at natural pH of 4.5, the

membrane selectivity was close to 100%. Evaluation of hydraulic resistance indicated that concentration polarization

and pore blocking were beyond approximately 50 and 40% of the total filtration resistance, respectively. Moreover,

scanning electron microscopy showed that extensive fouling layer was deposited on the membrane surface, Finally,

the developed cleaning procedure could restore membrane performance approximately 45% of its initial performance.
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1.0 INTRODUCTION

Conversion of starch to glucose syrup is a commercially important process. Glucose syrup may be
used in the production of pure dextrose, high fructose syrup, as sweetener, and as substrate in
fermentation processes [1]. In the United States, glucose is manufactured from com starch; in Europe
from corn starch and potato starch; in Japan from corn starch and white sweet potato starch [2] and
in tropical countries, such as Thailand, Vietnam, and Indonesia, from cassava starch. As with other
starches, cassava starch contains various impurities such as protein (0.11%), fat (0.07%), fiber
(0.12%), and ash (0.25%) [3]. After the saccharification is complete, the cassava starch hydrolysate
is clarified to remove suspended solid, fat, protein, and other impurities. This is generally performed
by rotary vacuum precoat filters (RVPF) with diatomaceous earth as filter-aid [4-6]. Microporous
ceramic membrane can beused for clarification of starch hydrolysate more efficiently [7].
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Recently, the technical feasibility of ultrafiltration (UF) using polymer membranes for process
improvement in sugars industry has been intensively explored. Due to much lowerprice of the polymer
membranes, they may be competitive to ceramic membrane. Most studies were directed on the cane
and beet sugars clarification [S-13]. Since the cassava starch hydrolysate has moderate temperature
and pH, we are convinced that UF system using a polymer membrane can be one of the cost-effective
solutions.

A major problem of the ultrafiltration application for clarification of cassava starch hydrolysate is
membrane fouling. Although the hydrolysate contains less than 1% of impurities, it may be sufficient
to cause a significant loss of filtration rate. Fouling is the irreversible alteration in the membrane
caused by specific physical and/or chemical interactions between the membrane and various
components present in the process stream [14]. These interactions can be attributed to one or more
ofthefollowing mechanisms: (a) adsorption, (b) gellayerformation, and (c) pluggingofthe membrane
pores [15]. Its severity depends on the membrane material, the nature of solutes, and other variables
such as pH, ionic strength, solution temperature and operating pressure [16]. Fouling effect is
characterized by an irreversible decline in flux with time of operation when all operating parameters,
such as transmembrane pressure, flow rate, temperature, and feed concentration are kept constant
[17]. Membrane fouling often continues throughout the process and eventually requires extensive
cleaning or replacement of the membrane. Therefore, the successful development of this application
requires a comprehensive understanding of fouling phenomenon to maximize the membrane
performance.

The aim of this study is to assess the effect of operating parameters, such as TMP, cross flow
velocity, and pH hydrolysate on fouling behaviour during clarification of cassava starch hydrolysate
using polyacrynitrile (PAN) membrane. A series resistance model [IS] was used to analyze the mass
transfer resistances.

2.0 EXPERIMENTAL

2.1 Feed Solution

For this study, cassava starch hydrolysate was prepared by enzymatic hydrolysis of a commercial
cassava starch using a-amylase (Termamyl120L) and glucoamylase (AMGE), respectively. The two
enzymes were supplied by Raya Sugarindo Inti Co. The hydrolysate had total solids of 30-50%,
suspended solids of 0.30/0, nitrogen content of 350 ppm, pH of 4.5-5.0, and dextrose equivalent
approximately 96. Dextrose equivalent (DE) represents either the percentage hydrolysis of the
glycosidic linkages or the degree of conversion of the starch molecules to the glucose molecules. The
hydrolysate was adjusted to the desired pH with either 2 N NaOH or 2 N HCl solutions. The
hydrolysate was prefiltered by a 200 mesh to remove large particles prior to be pumped through the
UF module. For every experiment, fresh hydrolysate was prepared.

2.2 Ultrafiltration Equipment

Clarification of cassava starch hydrolysate was carried out using the experimental set-up depicted in
Figure 1, which consists of a stirred stainless steel vessel, a hollow fiber membrane module, a
diaphragm pump (Puricom UP-SOOO, maximum flow rate of 3 lpm, maximum pressure of SO psi,
motor 4SVDC/2A/50hz), a flow rate regulator (adjustable DC power supply), and two pressure
regulators (needle valve). The membrane module used hollow fiber polyacrylonitrile (PAN)
membranes that were supplied by GDP Filter Co. Characteristics of the hollow fiber module are
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Table1 Characteristics of the hollowfiber module

Material

Molecular weight cut-off
Inside diameter
Thickness
Effective length

Effective area

PAN

100 kDa

O.5mm
O.2mrn
25 em

82.4 ern'

shown in Table 1. The system was also completed with automatic temperature control (regulated
water bath) and pressure indicator (FTB, 0-60 psi).

2.3 Experimental Procedure

In this study, a total recycle mode was used, i.e., both permeate and retentate were returned to the
feed tank to maintain the feed characteristic relatively constant. To avoid the effect of membrane
compaction, deionized water was recirculated at TMP of 4 '>ar for 2 hours prior to the use .of the
cassava starch hydrolysate. The effect of operating parameters, such as TMP, cross flow velocity, and
pH hydrolysate on both membrane fouling and permeate characteristic, was assessed. The cross
flow velocity was regulated by an adjustable DC power supply. The TMP was adjusted by means of
needle valves on the feed and permeate sides of the membrane module. The pressures were measured
before (Pin) and after (Pout) the membrane module and on the permeate side (Pp,nu).The TMP is
given by:

TMP = l'jn +Pout Ppenn
2

(1)

For evaluating the effect of membrane fouling to the hydraulic resistance, the pure water fluxes
were measured under the following conditions: (1) for a new membrane, (2) for a membrane which
had been fouled by static adsorption, (3) for a membrane which had been fouled by permeation of
cassava starch hydrolysate. Additionally, the glucose syrup fluxes under a given set of operating
conditions were measured. After each experiment, the membrane was cleaned by aqueous solution
of NaOH (0.5% w/v). The flux of pure water was measured after the membrane cleaning to asses the
permanent membrane fouling.

2.4 Analysis

Colour is one of the critical parameters for the acceptance of a sugar product. The colour of permeate
and feed was determined using a spectrophotometer (Shimadzu, UV-120-02). The colour was the
difference of absorbances at 450 and nO-nm wavelengths per unit cell, expressed in reference basis
colour, RBC [19] :

RBC-1000 ~20 - 2An o
be (2)

where A420 and AnDare the absorbance of the solution at 420 and nO-nm wavelengths, respectively;
b is the cell length (em); e is the concentration (g/L): Suspended solids were determined in all
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samples by centrifugation of 10 ml of sample in graduated glass tubes at 5000 rev/min for 30 min and
expressed in volume percentage. Viscosity of the cassava starch hydrolysate was measured with a
Brockfield viscometer (LVT, serial 109549). The turbidity of permeate and feed was determined by
absorbance measurement at 900-nm wavelength, where the effect of light absorption is assumed to
be zero:

S = 100 x AgOO

b
(3)

where S is the turbidity, A900 is the absorbance at 900-nm wavelength and b is the cell length (em).

2.5 Electron Microscopy

A digital scanning electron microscope (Philips XL 20) was used to study the surface of clean and
fouled membranes. After ultrafiltration of cassava starch hydrolysate for 4 hours at 2 bar and 1 rn/s,
the membrane was flushed by deionized water for 15 min and dried at room temperature in a vacuum
desiccator. The membrane was coated with gold-palladium before the photographs were taken.
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Figure 1 Schematic experimental set-up of the ultrafiltration equipment

3.0 RESULTS AND DISCUSSION

3.1 Effect of TMP

Typical experimental data for the flux decline during cross flow ultrafiltration of cassava starch
hydrolysate through the polyacrylonitrile membrane (PAN) with MWCO 100 kDa at constant pressure
of 0.6, 1.0, 1.5, and 2.0 bar are shown in Figure 2. All different feed solutions showed the same
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Figure 2 Flux decline during constant pressure cross flow ultrafiltration of cassava starch hydrolysate
having 30% dry solids at pH 4.5, temperature 45±3OC, and cross flow velocity 1.0 m/s

pattern, i.e., sharp flux decline in the first hour, followed by gradual flux decline. The significant loss
of flux during the filtration could be attributed to one or more of the following phenomena: (a)
adsorption, which refers to a specific interaction between solutes and the membrane polymer, (b)
concentration polarization, which refers to the accumulation of retained solutes near the membrane,
(c) pore blocking, which refers to solutes penetration into the membrane leading to pore blocking,
and (d) gel layer formation, which refers to any additional solutes accumulation at the upper surface
of the membrane deposited to form a certain thickness of gel layer.

Several empirical models have been proposed, however, the following two-parameter model (17]
was used to describe the data:

(4)

where I, is the flux at any time, I" is the steady state flux and k is the constant describing the rate of
fouling. Table 2 shows the values of both I" and k at various TMp, temperature 45±3'C and cross
flow velocity 1.0 rn/s. The average absolute deviation (AAD) in flux between calculated (/;,81) and
experimental (/;"P) values was used for evaluating. the model. For a data set with N"p experimental
points, AAD is defined as:

1 N", rxp _I~al
AAD=--2: I I x 100

Nexp i=l Jixp (5)

From Table 2, it can be seen that higher TMP increased k value. However, the increase of TMP in
the range of 0.6 - 2.0 bar at cross flow velocity 1.0 rn/s was not accompanied by a further proportional
increase in I". This confirms that although the cassava starch hydrolysate contains typically less
than 1% of suspended solids (i.e. insoluble impurities such as protein, fat and fibers), ilis sufficient
to cause the pressure independence of steady state flux, I". Since there was very little flux decline
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Table 2 Coefficients ofthe fouling model (Equation (4» at various

TMp, temperature 45±3CC andcross flow velocity 1.0 m/s

TMP(bar) 1M (LMH) AlL/m') AAD(%)

0.6 8.4 2.5 7.8
1.0 8.6 3.5 5.8
1.5 7.9 5.6 9.3
2.0 8.0 6.6 11.3

after 4 hours of filtration, all further data to study the influence of operating parameters on steady
state flux were taken after 4 hours.

The selectivity of the membrane was calculated by comparing the turbidity of permeate with
those of the feed as follows:

(6)

where R is the retention in %, SF is the turbidity of feed, and Sp is the turbidity of permeate. As can
be seen in Figure 3, the selectivity of the membrane remained unchanged at TMP range of 0.6 - 2.0
bar, that was close to 100%.
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Figure 3 Effect of TMP on membrane selectivity during cross flow ultrafiltration of cassava starch
hydrolysate having 30% dry solids at pH 4.5, temperature 45±3'C, and cross flow velocity 1.0 m/s

3.2 Effect of pH

Numerous considerable experimental evidences have proven that membrane fouling during
ultrafiltration of solution containing protein can be minimized by adjusting the pH of feed away
from the iso-electric point of the proteins, e.g., cheese whey [20], corn starch hydrolysate [17J. The
iso-electric points of a-amylase and glucoamylase contained in feed solution were 4.8 and 4.2,
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Figure 4 Effectof pH on membrane foulingduring cross flowultrafiltration ofcassava starch hydrolysate
having 30% dry solids at TMP 0.6 har, temperature 45±3°C, and cross flow velocity 1.0 m/s

respectively [21]. For an ultrafitration system using polymer membrane, however, changes in pH
may affect the membrane selectivity and/or permeate characteristics. Figure 4 shows the effect of
pH on fouling of the PAN membrane by cassava starch hydrolysate. The steady state flux, f" increased
significantly when pH of the feed was adjusted to alkaline condition. Operating at pH 9.5 would give
twice higher f" than at natural pH of the feed, however, the membrane selectivity slightly decreased
at this pH (Figure 5). In addition, pH adjustment from its natural pH of 4.5 to 9.5 resulted in dark
brown clarified glucose syrup expressed as reference basis colour, RBC (Figure 6). Moreover, higher
pH decreased the rate of initial fouling, k (Table 3).

100

90

! 80
~

~
70~

a;
II)

60

50
4.5 7 9.5

pH off••d

Figure 5 EffectofpH on membrane selectivity during crossflowultrafiltrationofcassava starch hydrolysate
having 30% dry solids at TMP 0.6 bar, temperature 45±3°C, and cross flow velocity 1.0 mls
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Figure 6 Effect of pH on the colour of the clarified glucose syrup. Experiments were carried out at
TMP 0.6 bar, temperature 45±3°C, and cross flow velocity 1.0 rn/s

Table 3 Coefficients of the fouling model (Equation (4» at various

pH, temperature 45±3°C, and cross flow velocity 1.0 m/s

pH f..,(LMH) N(ljm') Average deviation(%)

4.5 8.4 2.5 5.2
7.0 9.3 2.2 8.0
9.5 18.5 1.2 3.9

The colour change of the clarified glucose syrup when the pH of the feed was adjusted to the
alkaline conditions could be visually observed. According to Singh and Cheryan [17], sugars undergo
browning at alkaline conditions because of the Lobry de Bruyn-van Ekenstein transformation, which
proceeds initially through the formation of a 1: 2 trans-ene-diol and then to the production of a
brown resin.

3.3 Effect of Dry Solids Concentration

Presently, almost all glucose productions from enzymatic starch hydrolysis are conducted at a solid
content not more than 40% so that it eventually needed an evaporation step to concentrate the
solution up to the desired solid concentration. This is because, the gelatinized unmodified starch of
more than 40% dry substance is too viscous to be processed in conventional equipment. Nevertheless,
hydrolysis of starch at high dry solid will be very attractive because of the increase of energy cost in
the recent years. For this reason, the possibility of UF application for clarification of cassava starch
hydrolysate having 50% dry solids is studied. As shown in Figure 7, higher dry solids concentration
decreased flux. The significant decrease in flux is conceivably caused by the higher dynamic viscosity.
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Figure 7 Effect of dry solids concentration on membrane fouling during cross flow ultrafiltration of
cassava starch hydrolysate at TMP 0.6 bar, temperature 45±3'C, and cross flowvelocity 1.0 m/s

At temperature 40'C, for example, the increase of dry solids concentration from 30 to 50% would
increase in viscosity by a factor of 3 (Figure 8).

Figure 9 shows the effect of dry solids concentration on the membrane selectivity determined by
Equation (6). The membrane selectivity was not significantly different as the dry solids concentration
increased from 30 up to 50%. Although the turbidity of feed increased by 70%, the turbidity of
permeate remained unchanged. The clarified glucose syrup (permeate) had low colour and no
suspended solids.
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Figure 9 Effect of dry solids concentration on membrane selectivity (TMP=0.6 bar, T=45±3°C, and
v=1.0 m/s)

3.4 Effect of Cross Flow Velocity

Considering the above results, one of the operating parameters which can be expected to enhance
flux is cross flow velocity. The effect of cross flow velocity on steady state flux is shown in Figure 10.
Data of steady state flux was taken after 4 hours. As can be seen, higher steady state flux could be
achieved when the cross flow velocity was increased. This indicates that increasing velocity is probably
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Figure 10 Effect of cross flow velocity on membrane fouling during the ultrafiltration of cassava starch
hydrolysate at TMP 0.6 bar and temperature 45 ±3°C
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Figure 11 Effect of cross flow velocity on membrane selectivity during the ultrafiltration of cassava
starch hydrolysate at TMP 0.6 bar and temperature 45±3°C

the easiest way to reduce membrane fouling and maximize flux in clarification of cassava starch
hydrolysate by means of cross flow ultrafiltration system using polymer membrane. Unfortunately,
the increase of cross flow velocity results in the increase of energy consumption. Moreover, the
turbidity of permeate as well as the membrane selectivity were not significantly affected by cross
flow velocities (Figure 11).

3.5 Filtration Resistance

Any attempt to control membrane fouling requires an understanding ofthe mechanisms and their
contribution. A series resistance model [18] was used to analyze the hydraulic resistances:

1= TMP
I"R,

(7)

where Iss is the steady state flux, TMP is the transmembrane pressure, and Ii is the viscosity of
solution. The total hydraulic resistance, R" is accounted by a number of resistances:

(8)

where Rm,Ra,Rppand R,prefer to the intrinsic membrane resistance, adsorptive fouling, pore blocking
and concentration polarization, respectively.

Firstly, the membrane resistance, Rm, was determined by ultrafiltration of deionized water through
the clean membrane. From. the pure water flux, the membrane resistance could be be calculated as:

R
_.!. TMP

m-
I !'water

(9)
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Secondly, the deionized water was then replaced by a hydrolysate solution at no net TMP (no flux
across the membrane). After the membrane was rinsed by deionized water, ultrafiltration of deionized
water through the fouled membrane was carried out to determine the adsorptive fouling, Ra.

1 TMP
Rj =Ra+Rm=---

J !'water
(10)

(11)

Thirdly, hydrolysate solution was filtered at TMP 0.6 bar and cross flow velocity 1.0 m/s to determine
the total membrane resistance, R,.

1 TMP
Rt =Rm+Ra+Rpp +Rep =

J !'penneate

Fourthly, the membrane was then rinsed by deionized water to remove all traces of solution,
particularly those of the polarization layer.After cleaning the apparatus, deionized water was filtered
through the rinsed membrane under the same conditions. This test was used to determine resistance,
R2, which is the sum of Rm , Ra and Rpp:

1 TMP
R2 =Rm+Ra+Rpp =--

J !'water

The resistance of concentration polarization, Rep, was calculated by subtraction:

Rep = Rt -R2

The resistance of pore blocking, Rpp, was calculated by subtraction:

(12)

(13)

(14)

The relative· distribution of hydraulic resistances of the polyacrylonitrile membrane used for
clarification of cassava starch hydrolysate is depicted in Figure 12. The contribution of the various

30

25

,
20E

N
~o

>:. 15
B
~

~ 10·in
~

'" 5

0
Rm

Various hydraulic resistances

Figure 12 Distribution of various hydraulic resistances during the ultrafiltration of cassava starch
hydrolysate at TMP 0.6 bar and temperature 45±3'C
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mechanisms differed significantly. Membrane resistance, Rm was negligible with regard to pore
blocking or concentration polarization resistance. In other word, concentration polarization, R,p
and pore blocking, Rpp, dominated the total hydraulic resistance, R,. Concentration polarization and
pore blocking were beyondabout 50 and 40% of the total filtration resistance, respectively. This
confirms why the steady state flux increases significantly when the cross flow velocity is increased.

3.6. Scanning Electron Microscopy

A representative scanning electron microscopy (SEM) photograph of the cross section of a clean
membrane is shown in Figure 13. The membrane has a finger with structure inner and outer skins
(double skins). The structure is similar to numerous photographs published in the literature and in
catalogue. Such structure usually gives a sufficient mechanical strength; however, it is difficult to
remove foulant entrapped into membrane pores.

Figure 13 SEM of the cross section of the clean membrane used in this study (Magnification: 150X)

The cassava starch hydrolysate at its natural pH resulted in fouling layers on the membrane surface
(Figure 14). A representative SEM photograph of fouling layer on the membrane surface is shown in
Figure 15. The fouling layer is presumed multi layer. Hence, it is sufficient to cause a great loss of
flux during filtration. Such fouling layer may be relatively easy remove by a simple cleaning procedure.

3.7 Membrane Cleaning

As discussed above, foulants accumulated on the membrane surface and/or membrane pores caused
a significant loss of membrane performance during filtration. This change continued throughout the
process. Hence, the foulants must be periodically removed from the membrane structure using an
appropriate cleaning procedure to restore the membrane performance. The development of an
appropriate cleaning strategy requires an understanding of the physical and chemical characteristics
of the key foulants, the membrane polymer and module, and the various cleaning solutions so that
the cleaning procedure must effectively remove and/or dissolve the foulants while not exceeding the
mechanical or chemical limits of the membrane polymer [14].
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Figure 14 SEM of cross section of a fouled membrane during the ultrafiltration of cassava starch
hydrolysate at TMP 0.6 bar and temperature 45±3"C (Magnification: 150X)

Figure 15 SEM of fouling layer deposited on the inner membrane surface (Magnification: 150X)

According to the experiments, the PAN membrane could be regenerated by the following procedure:

• 5 min surface cleaning of lumen side with tap water at room temperature
• 2 min internal cleaning from shell to lumen (backwash) with 0.5% NaOH solution at temperature

57±3"C
• 2 min internal cleaning (backwash) with 0.5% HCl solution at temperature 57 ±3"C
• 5 min rinse of both lumen and shell sides with deionized water at room temperature

Figure 16 shows the pure water fluxes which were recovered after the membrane was cleaned. As
can be seen, a significant pure water flux could be achieved after internal cleaning with 0.5% NaOH
solution at temperature 57±3"C. Further internal cleaning with 0.5% HCl solution at temperature
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Figure 16 The pure water fluxes which were recovered after every cleaning procedure. Measurements
were conducted at TMP 1 bar

57±3°C did not improve the water flux. Therefore, internal cleaning with 0.5% HCl solution was not
conducted for further membrane cleaning. The membrane performance could be restored
approximately 45% compared to its initial performance as shown in Figure 17.
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Figure 17 The pure water fluxeswhich were recovered after the membrane was cleaned. Measurements
were conducted at TMP 1 bar
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4.0 CONCLUSIONS

I. N. Widiasa & I. G. Wenten

Cross flow ultrafiltration using a polymer membrane is a potential technique to remove insoluble
impurities from cassava starch hydrolysate. Operating at natural pH of 4.5, the membrane selectivity
was close to 100%. Transmembrane pressure higher than 1.0 bar was not effective to improve the
flux. Increasing cross flow velocity is probably the easiest way to reduce membrane fouling and
maximize flux, provided the TMP was kept low. The steady-state flux, J" increased significantly
when pH of the feed was adjusted to alkaline condition; however, this resulted in dark brown clarified
glucose syrup. Moreover, the membrane selectivity slightly decreased at pH 9.5.

Evaluation of hydraulic resistance indicated that the polarization concentrationand pore blocking
constituted the main parts of the total mass transfer resistance. Concentration polarization and pore
blocking were beyond approximately 50 and 40% of the total filtration resistance, respectively.
Moreover, scanning electron microscopy showed that extensive fouling layer was deposited on the
membrane surface. Finally, the developed cleaning procedure could restore membrane performance
approximately 45% compared to its initial performance. .
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